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Short Paper

A Study of a Small-Area and Low-Power Readout Circuit for LOFIC

CMOS Image Sensor

Nao Kitajimat, Ai Otanit, Ryotaro Hottat, Hiroaki Ogawat and Shunsuke Okurat

Abstract: In a society where a large number of sensors are used, low-cost image sensors with excellent HDR performance are required. To reduce the

circuit area, we propose a circuit in which all capacitances are replaced from MIM capacitance to MOS capacitance. As a result, the INL was reduced to a

maximum of 7.6 LSB , and the area was reduced by 36.48% .
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1. Introduction

In the "Trillion Sensors Universe," numerous sensors are expected to be utilized ,
and the 10T society is expected to progress widely. CMOS image sensors (CIS) are now
being used in a wide range of applications, from viewing applications such as digital
cameras and smartphones to sensing applications for machines such as autonomous
driving and surveillance. CIS used for sensing applications feature HDR (High Dynamic
Range), which allows capturing images of objects under extreme lighting conditions
such as outdoors.

Up until now, methods to achieve HDR have included logarithmic compression [ 1],
multiple exposure [2], Dual Conversion Gain (DCG) [3], and Lateral Overflow Integration
[4].

Capacitor (LOFIC) [3] and other technologies have been proposed.

CIS with LOFIC pixels has high conversion gain.

In conventional HDR systems, the high-conversion gain (HCG) signal and the low-
conversion gain (LCG) signal are combined in a downstream circuit to generate an HDR
signal. However, because the HCG signal and the LCG signal have different polarities,
two types of readout circuits are required. To address this issue, our research group is
studying a single-channel readout circuit [4] that can read out both signals, aiming to
reduce the area of the readout circuit .

The HCG signal uses an inverting amplifier circuit to reduce input-equivalent
noise , and the LCG signal uses a non-inverting attenuation circuit to enable the

readout of highly saturated electrons. Furthermore, by aligning the polarity of the

HCG signal and LCG signal through inverting and non-inverting operations, the ADC
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Here, most of the readout circuit is occupied by MIM capacitors with low capacitance
density.

We are considering using MOS capacitors to further reduce the area of the readout
circuit. However, MOS capacitors manufactured using a general manufacturing process
are significantly affected by voltage dependency, which causes the output signal to

become nonlinear. Therefore, in this paper, we propose a capacitive type capacitor

that can fold back the voltage by adjusting the voltage and using an auto-zero circuit with an offset.

We propose a small-area readout circuit using MOS capacitors that achieves high

linearity through a DAC circuit.
2. Proposed method

2. 1 Circuit configuration

Figure 1 shows a small-area readout circuit using MOS capacitors. The proposed
readout circuit is composed of a double sampling (DS) circuit and a successive
approximation (SAR) ADC .

Uses MOS capacitors.

The DS circuit is composed of an inverting amplifier circuit that processes the HCG
signal using CDS (Correlated Double Sampling) and a non-inverting attenuation circuit
that processes the LCG signal using DDS (Differential Double Sampling) . The inverting
amplifier circuit is configured by adding a yAZ2 switch and a CAZ capacitor to the
general configuration of a yAZ1 switch, two capacitors CS and CF, and an operational
amplifier [5] . The non-inverting attenuation circuit is composed of a switch controlled by
yCL, a sample capacitor CSH, and an attenuation capacitor CATN [6] . Here, the PMOS
capacitors CSH and CATN use a device structure in which the back gate is connected
to the source and drain terminals . Although a large parasitic capacitance occurs in the
NWELL, by connecting the top plate side to the input side of the ADC , the parasitic
capacitance is connected to the pixel side with low impedance, so the attenuation rate

is small.
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Figure 1 Proposed circuit configuration

In addition, the PMOS capacitor does not require deep well implantation, and
by connecting the back gate and source/drain terminals, it can be laid out in
a narrow pitch for column-parallel ADCs .
can.

The SAR ADC consists of a comparator, a capacitive DAC, and an SRAM .
The capacitive DAC has a split capacitance configuration that can be realized in
a small area, and is configured by combining an NMOS capacitor and a PMOS
capacitor. In addition, different VREF voltages are applied to the LSB side and
the MSB side .

2.2 Operational Overview

Figure 2 shows a voltage diagram of the HCG signal and LCG signal.
When reading out the HCG signal, ¥T is set to HIGH and the signal is read
out via an inverting amplifier circuit. On the other hand, when reading out the
LCG signal, yT is set to LO and the signal is read out via a non-inverting
attenuation circuit.

(1) Inverting amplifier

circuit As shown in Figure 2(a), the HCG signal is first input to the reset signal.

The VRH signal, and later the luminance signal VSH , is read out within the
pixel (VFD) and output to VSF via the source follower circuit . The NMOS
capacitors CS, CF, and CAZ bias the bottom plate (VX) to a low voltage
AVSS by turning on yAZ1 and yAZ2 . The top plate (VX) is held at VB1 by
virtual grounding. Even after yAZ1 and yAZ2 are turned off, VX and VX are
maintained at VB1 and AVSS , respectively, due to the conservation of charge
law . Therefore, the silicon surface of each MOS capacitor is inverted to N
-type, and the capacitor operates in the inversion region, where the voltage
dependence of the capacitance is small. In conventional inverting amplifier
circuits, the voltage difference between both ends is 0 V during auto-zero ,
making the output signal nonlinear. However, the proposed circuit achieves
high linearity by using CAZ . The subsequent operational overview is almost
identical to that of the LCG signal, which will be described later.

(2) Non-inverting attenuation

circuit As shown on the left in Figure 2 (b), the LCG signal is first read out
as the luminance signal VSL and then as the reset signal VRL in the pixel
(VFD) , and then output to VSF via the source follower circuit. When resetting
the attenuation capacitance by turning on yCL, the top plate side of the PMOS
capacitance CSH is biased to a low voltage VB2 to maintain the luminance

vsL signal. Here, the minimum valuespf V and the comparator input

Considering the input voltage VB2 , the voltage difference between both ends
of CSH is small compared to other MOS capacitors, so the back gate is
connected to the source-drain terminal to prevent the rise in threshold voltage
due to the substrate bias effect. The PMOS capacitor CATN operates in the
inversion region because the bottom plate side is biased to a high voltage
DVDD . Here, by using DVDD as the bias voltage instead of AVDD , the
voltage difference between both ends of the capacitor is brought closer to
CSH, and the nonlinearity of the capacitance value that occurs when reading
out high-brightness signals is compensated for. However , in order to reduce
digital noise interference via DVDD, the DS circuit and the digital circuit must
be laid out with

separate wiring. ( 3 ) Capacitive DAC circuit

The linearity of the capacitive DAC is improved by folding back the voltage
using PMOS capacitance for CMSB and Csplit and NMOS capacitance for CLSB .
As shown on the right of Figure 2 (b), the PMOS capacitance group on the MSB side
In the CMSB , the top plate voltage is virtually grounded to VB2 when

auto-zero is enabled, so the bottom plate VREF voltage (VREF PH,
By setting VREF (PL) at a high voltage, it operates in the inversion region.

Similarly, the PMOS split capacitance Csplit is
(VLSB node) is reset with a high voltage VB3 .
The NMOS capacitance group CLSB operates in the inversion region by
setting the VREF voltage (VREF NH, VREF NL) to a low voltage and folding
back the operating voltage for CMSB and Csplit . In

addition, in a split capacitance type DAC , the VREF voltages on the LSB
side and MSB side are made independent to correct A/D conversion errors.
By adjusting the VREF amplitude on the MSB side (VREF PH-VREF PL) , A/
D conversion gain errors due to the parasitic capacitance of the VMSB node,
etc. are corrected. The VREF amplitude on the LSB side (VREF NH-
By adjusting the VREF (NL) , the DNL error caused by the parasitic

capacitance of the VLSB node is corrected.

3. Verification results

The proposed readout circuit (10- bit resolution) was designed using a
0.18 ym CMOS process, and SPICE simulations were performed under
corner conditions (transistors: Slow, Typical, Fast, power supply voltage:

2,52V, 2.8V, 3.08 V, operating temperature: 0 °C, 25 °C, 60 °C) . Figure 3

shows the A/D conversion efficiency versus the amplitude of the pixel signal output VSF .
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Table 1. Layout area comparison (width 11.2 ym) Conventional
circuit (MIM capacitor) Proposed circyit (MOS capacitor) 4_ Conclus|0n
DS circuit 577.25 ym 172.95 ym
SAR-ADC 1108.48 ym 897.71 ym We proposed a readout circuit for LOFIC -type CIS using high-density MOS
capacitors. Simulation results confirmed high linearity with an INL of +7.6/-4.9

LSB for the input/output characteristics of HCG and LCG signals. Layout results
also confirmed a 36.48% reduction in area . Acknowledgments : This research
was conducted in cooperation with Cadence Design Systems Japan, Inc. and

The conversion characteristics are shown below. For the HCG signal, the INL was . . o
Synopsys Japan, LLC through the University of Tokyo VDEC activities.

+11.2/-5.0 LSB for the conventional circuit using MOS capacitors and +7.1/-4.9

LSB for the proposed circuit . For the LCG signal, the INL was +39.3/-21.4 LSB
[3CHik]

for the conventional circuit and +7.6/-2.5 LSB for the proposed circuit . The INL ,

which is an issue even when using MOS capacitors, was compared with the ideal output.
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the DNL of the proposed circuit was +0.8/-0.8 LSB for the HCG signal and

+0.2/-0.5 LSB for the LCG signal , confirming that the DNL error could be

corrected without code jumps . The DS circuit and SAR -type ADC were laid out in

parallel with an 11.2 ym pitch. As shown in Table 1, the area of the proposed

circuit using MOS capacitors was reduced by 36.48% compared to the conventional
H. Owada,

circuit using MIM capacitors in the readout circuit.

Copyrights to Machine-Translated Content
The copyright of the original papers published on this website belongs to the Institute of Image Information and Television Engineers.
Unauthorized use of original papers or translated papers is prohibited. Please be sure to cite the original publication when referencing.
For details, please refer to the copyright regulations of the Institute of Image Information and Television Engineers.



AVl)I)MS\ AVDD VREF_pi D—
SF Gain SF Gain
(x0.85) (x0.85)
1.3V
DVDD VREF_PLD——"] )I e
E E "\I\J'—G
T I!! Vst
# & Cuiss| Coplit Cusp|
. 0.8V 0.8V
< VREF_NH
oCL
Vp D————— == R ev--- T~—<3VREF L
SS s
A Vip Vanc AVSS Vrp VskVps Vabc Vmss Visp
(a) HCG 5% (b) LCG 85
2 EEMIRX
S e
] e —icc (125)
3 HCG (k)
g SF- .16 (fEH)
} H
mth?]“:: - I‘J ;lsx]m v i
s
= 600 I
= Ly
0 /
n o
R
g /
400 J -, =
-*-FF,3.08V,60°C
N ~-FF,3.08V,60°C |\, . 5-55,2.52,0°C
J&”j:_};’“ssln m Hha—F [ss)
¢ 0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1 11 1.2
VSFIRIE [V]
® 3 A/D £t
F1 LA 7Y bEAEKE (1§ 11.2 um)
EREEE (MIM #08) | EEEE (MOS A 4. € 3§ U
DS [l 577.25 pm 172.95 pm
SAR-ADC 1108.48 pum 897.71 pm KNEEEDOEW MOS A& % AW/ LOFIC 2 CIS [

ZHRE RS, INL oW T HCG 25054, MOS
HEEFOEIEREIEIE +11.2/ — 5.0 LSB, {f2REHIX
+7.1/ —4.9 LSB Th o 7. LCGEEDHE, kAl
+39.3/ — 21.4 LSB, #2R[E#&IX +7.6/ — 2.5 LSB TH -
7z. MOSAEZHWTHRE Y & 2 INL IZHAH ) » b
LT1 %R REFRERICHR 2 Z e RHER L. 81,
LMD DNL 122V T, HCG f§51% +0.8/ — 0.8 LSB,
LCG 8513 +0.2/ — 0.5 LSB ¥ a— FIRU T3 Z & 7 <
DNL iE*fIETE 2 Z e BiER L. 7=, DS HE
¥ SARHADC % 11.2 pm ¥y FTHFNC LA 72 F L
7. R1LIWWRT L1, HiAH LEEKIC MIM &%
TeHEREIE IS LT, MOS A& % F V7= 2 R0 B mif
3 36.48 % KIE L 7z.

455 (126)

JoFAHLEIREZIREZLE. YI2a—Ya VR
b, HCG 85 & LCG 8B i1cB ) 2 AR, INL
M +7.6/ —4.9 LSB L@ EERERE L7z, £/, LA
7 MER»SHEE 36.48 % KBS 2 Z & RHER L 7=,

SiEE: AW, HE K% VDEC 82 E LT, HAZ A
FURFHEL Y - YRATF LR, HEAY ) PO RERE
oM ITITON b DTH 3.

X #

1) D. Scheffer, B. Dierickx and G. Meynants: “Random addressable
2048 /spl times/2048 active pixel image sensor”, IEEE, 44, 10, pp.
1716-1720 (1997)

H. Komobuchi, A. Fukumoto, T. Yamada,
T. Kuroda: “1/4 inch ntsc format hyper-d range il-ced”,
1995 IEEE Workshop on CCDs and AISs. SS-1, Apr. (1995)
N. Akahane, S. Sugawa, S. Adachi, K. Mori, T. Ishiuchi and K. Mi-
“A sensitivity and linearity improvement of a 100-db

Y. Matsuda and
Proc.

2)

3)
zoubuchi:
dynamic range cmos image sensor using a lateral overflow integra-
tion capacitor”, IEEE, 41, 4, pp. 851-858 (2006)

4) A. Otani, H. Ogawa, K. Miyauchi, S. Han, H. Owada,
I. Takayanagi and S. Okura: “An area-efficient up/down double-

MURIEIR X 7« 7HRE Vol. 79, No. 4 (2025)



This is a machine-translatedversion of the original paper in Japanese Published on J-STAGE .
The next page is the original paper, which is expanded alternately with the translated version.
Because this is a machine translation, it may contain typographical errors, mistranslations, or parts of the paper that have not been reflected in the translation.
Please be sure to cite the original publication when referencing.

sampling circuit for a lofic cmos image sensor”, Sensors, 23, 9, p.
4478 (2023)

5) R. Hotta, S. Okura, A. Otani, K. Tatsuta, K. Miyauchi, S. Han,
H. Owada and I. Takayanagi: “A small-area and highly-linear col-
umn readout circuit for lofic cmos image sensor”, IST, 47, 22, pp.
7-12 (2023)

6) N. Kitajima, A. Otani, R. Hotta and S. Okura: “A study of a
small-area and low-power readout circuit for lofic cmos image sen-
sor (1)”, ITE Annual Convention(2024)

FLE BH

e B 2024 4, W ABEASEIE T T

HTPRARE, BIER, AR T RN ET

S AT N . 4 XDk
D7 F v IS 2RI,

AT

sa;g H L
N B 2021, MBI EMETE

WITAARIZEZE. 2023 4F, RIRY KB T EIERIE 1

s AT AHYEREATERRE T, B, R
e HTERRIE TS 2 7 2 BRI I A RS

/ 4 X =Tty FIZHT BFRICHERE.

ﬁok? )

b EElé X §|3 2023 4F, STEBHARSBIT A T
WT2ARIERE. 2025 4, [AAS KRR T2ERFSORIE
AT AL EERIEARE T, A X -V v F D
7 F u ZEIEIC B S 2 5 ICiESE.

& Hbo VA3H S

NI TEBR 1085 %8, #BRTE ERE. FE,
>y — MRS AK. FiTDSP, 7Hur7or b
IV R IC, CMOS 7502 IP, #IXT7EY 2—LDi%
FHERICIEH. BITH, VaBAYOMEE.

BELH LwAd i

xE é‘é Y 2003 %, KA, 2005 4,
KEEBEELATRRRE T, 2010 4E, RIKRZEREEL (1T%)
ZINE. 2007 F & D A XH: Rosnes, 2010 X H v
AP ATV ba=r 2R, 2014 LD T Y=
I AT RUHMREHERET, CMOS A X—Jk ¥ D
WHFEBAFICHESE. 2019 4F & D S afE KA I T 2402 1%
WMTAER HEBER. 2024 F XD RS Bi%. CMOS 4
X =Tk Y OEBET AL ZCEAREE, N—Fv 7
¥ a2 V74, WEEEEH, IoT ~DISHZ Y DRFZEICHE
#H ERB.

Copyrights to Machine-Translated Content
The copyright of the original papers published on this website belongs to the Institute of Image Information and Television Engineers.
Unauthorized use of original papers or translated papers is prohibited. Please be sure to cite the original publication when referencing.
For details, please refer to the copyright regulations of the Institute of Image Information and Television Engineers.



5)

6)

sampling circuit for a lofic cmos image sensor”, Sensors, 23, 9, p.
4478 (2023)

R. Hotta, S. Okura, A. Otani, K. Tatsuta, K. Miyauchi, S. Han,
H. Owada and I. Takayanagi: “A small-area and highly-linear col-
umn readout circuit for lofic cmos image sensor”, IST, 47, 22, pp.
7-12 (2023)

N. Kitajima, A. Otani, R. Hotta and S. Okura: “A study of a
small-area and low-power readout circuit for lofic cmos image sen-
sor (1)”, ITE Annual Convention(2024)

FLE BH
tE 1B 2024 4, SR T A0S T
HTPRARE, BIER, AR T RN ET
» SR T LAHWIELEAIHERICEE. A X -V vy
D7 Fa ZEEgIC BT 2 HRICHEE.

BBIC H Ly

N B 2021, MBI EMETE
WTAERIERRE 2023 4, R AR TR E T
SR T AERIELEEERE T, B, AR
FT SRR T o R 7 4 - L AR s M A (.
A X =% HIZHET B IFLCHEE.

1EFo fo ? S e 35

i)EEEéicﬁB 2023 4, MBS TLT A T
WTAERECE . 2025 4, WA KR T 4FIRET
S RF AERELERERET. A -V Y
7 Fu Z R $ 2 5.

& Hb VA3H S

NI TEBR 1085 %8, #BRTE ERE. FE,
>y — THRRESHICAK. FCDSP, yHurrur b
IV R IC, CMOS 7707 IP, ’XT7EY 2 —LDH
FBSEICHER. B, CREREOMEE.

BELH LwAd i

xE 1;;‘2 Y 2003 %, KA, 2005 4,
KEEBEELATRRRE T, 2010 4E, RIKRZEREEL (1T%)
ZHR. 2007 £E & D NSt Rosnes, 2010 &L H v
AP ATV ba=r 2R, 2014 LD T Y=
I AY ¥ RUBABHERT, CMOS A X—JE V¥ D
WHFEBAFICHESE. 2019 4F & D S afE KA I T 2402 1%
WMTAER HEBER. 2024 F XD RS Bi%. CMOS 4
A =T FOEEF AL ZARFAEEE, N—FY =7
X2V T4, EREH, IoT ~DISHL Y DIFFICHE
#H ERB.

F52®RER (] LOFICEICMOS 1 * — 2t > HICM Y 7=/ NETE - EBEHFHEAH LR DR

(127) 456





